The reactivity of germanium and tin dichlorides with a transition metal-only frustrated Lewis pair based on Au(I) and Pt(0) compounds bearing bulky phosphine ligands is described in this work. We have examined both the reactivity of tetrylene dihalides towards the individual components of the metallic pair, as well as under metal/metal cooperative conditions. These studies allowed us to isolate several uncommon homoand heterometallic structures. Computational methods have been employed to investigate the bonding scheme of one of these highly-reduced metallic aggregates. In addition, we have developed a tin-promoted strategy to access heteroleptic diphosphine platinum(0) compounds.
Introduction
The use of molecular donor-acceptor pairs has served as a fruitful tool to stabilize or intercept reactive inorganic species with ambiphilic character. 1 The strategy has been particularly successful in the study of heavier tetrylenes, :EX 2 (E = Si, Ge, Sn, Pb), compounds based on a divalent heavier group 14 element, which possess relatively reduced HOMO-LUMO gaps and dual nucleophilic (lone electron pair) and electrophilic (empty p orbital) nature. The cooperative stabilization conferred by a donor and an acceptor that mutually bind an ambiphilic molecule is understood in terms of the electronic pushpull bonding scheme that emerges. Representative examples of otherwise highly unstable tetrylene fragments include E(CH 3 ) 2 , 2 EH 2 3 or SiCl 2 , 4 which have been characterized by this approach, providing fundamental understanding of their bonding and reactivity. Stabilizing heavier tetrylenes by intraor intermolecular donors has also been exploited in their use as more robust ligands in coordination chemistry.
From a related perspective, this electronic push-pull stabilization highly resembles the chemistry of frustrated Lewis pairs (FLPs). These systems have been widely employed to capture an ample range of small molecules by the synergistic combination of an acid and a base for which adduct formation has been quenched. 6 However, the presence of heavier group 14 elements within the field of FLPs mostly focuses on their use as acidic partners, 7 while reactivity studies of traditional FLP systems towards the tetrel series finds little precedent. 8 We recently entered the FLP arena by describing the first transition metal-only FLP (TMOFLP) in which the two constituents were based on transition metals, more precisely Au(I) and Pt(0) as the acidic and basic counterparts respectively ( Fig. 1 ). 9 Somehow related metal-only donor-acceptor pairs (Rh/W and Pt/W) have been recently employed by Rivard to stabilize lowvalent group 14 species. 10 Encouraged by these results we decided to explore the reactivity of our Au(I)/Pt(0) FLP towards simple forms of low-valent group 14 compounds, particularly GeCl 2 and SnCl 2 . It is pertinent to note that after push-pull stabilization, germanium and tin dihalides could serve as suitable precursors towards their corresponding dialkyl 2 or dihydride 3 derivatives, which in turn can be the source of functional nanomaterials. 11 We will firstly present the reactivity of germanium and tin dihalides with the gold and platinum single components of the FLP. The discussion will then be continued by describing their combined reactivity. In addition, the present studies reveal the key role of tin dichloride in promoting phosphine exchange reactions for the platinum component of the metallic FLP.
Results and discussion
Reactivity of GeCl 2 and SnCl 2 towards gold compound 1
We began our studies by exploring the reactivity of germanium and tin dihalides towards gold compound (PMe 2 Ar Dipp2 )Au (NTf 2 ), 1. In both cases reactions proceed readily to yield compounds 3 and 4 after the respective insertion of germyl and stannyl compounds shift to higher frequencies (3·THF, 6.7 ppm; 4·THF, −3.1 ppm) likely due to the displacement of the weakly coordinating triflimide anion by a solvent molecule (Scheme 1). As introduced above, the bonding scheme in these cationic complexes may be understood in terms of the push-pull interactions provided by the Au/THF pair to the :ECl 2 moiety. However, while 4·THF remains stable in solution for at least one day, its germanium analogue is acidic enough to readily promote the electrophilic ringopening polymerization of THF.
12
Despite our efforts, we were unable to grow single crystals of enough quality to authenticate the proposed formulation for compounds 3 and 4. Nevertheless, the insertion of germylenes and stannylenes into gold-halide and other related bonds is well-documented. In fact, the same reactivity is observed when GeCl 2 ·dioxane or SnCl 2 are added to dichloromethane solutions of the gold chloride compound (PMe 2 Ar Dipp 2 )AuCl (5), 13 precursor of 1 via salt metathesis with AgNTf 2 (Scheme 1). The resulting gold-tetryl species are characterized by 31 P{ 1 H} NMR resonances at 5.0 and −2.2 ppm due to the germyl (6) and stannyl (7) insertion products respectively, while their 1 H NMR spectra match with those of their precursor 5, as well as with other gold derivatives previously described by some of us. 13 Subsequent chloride abstraction by silver triflimide results in quantitative formation of compounds 3 and 4, respectively, as expected for the proposed molecular formulations collected in Scheme 1. The insertion of tetrylenes into gold-halide bonds has provided complexes with Au-E (E = Ge, Sn) bonds with a variety of geometries and coordination environments, 14 as well as interesting photophysical properties. 15 Most examples rely on the use of sterically unhindered phosphines that permit the formation of supramolecular aggregates by aurophilic and other noncovalent interactions. The former interactions have indeed been suggested as key for the reported photoluminiscent properties of these species. The solid-state structure of complex 6 is depicted in Fig. 2 , revealing that no gold aggregates are formed. At variance with prior examples, gold-gold and goldchloride contacts are replaced by a weak Au⋯C arene interaction with the ipso carbon of a lateral terphenyl ring (d Au-C ipso = 2.95(4) Å), a common feature for gold complexes of biaryl phosphines. 13, 16 This forces the coordination geometry around gold to bend from linearity (P-Au-Ge 171.30(4)°), while other Scheme 1 Reactivity of tetrylene dihalides with gold compounds bearing a terphenyl phosphine. Xyl 2 = C 6 H 3 -2,6-(C 6 H 3 -2,6-Me 2 ) 2 ), in which the isopropyl groups of the lateral aryl rings were replaced by methyl groups. The related gold germyl compound was prepared in good yields (ca. 90%) by the same strategy followed to access its bulkier counterpart (see ESI † for details). Its solid-state structure was almost identical to 6 and exhibits a similar secondary Au-arene interaction characterized by a d Au-C ipso of 3.05(4) Å and a reduced P-Au-Ge angle of 165.77(2)° (Fig. S1 †) .
Drawing on the same theme, we wondered if the steric properties of terphenyl phosphines would still permit the insertion of bulkier tetrylenes across the gold-chloride/triflimide bond. 17 We 8. This may result from the steric pressure exerted by the cyclopentyl substituents of the phosphorus centre onto the bulky bis(trimethylsilyl)amido fragments, which could weaken the metal-metal bond. In fact, its X-ray diffraction structure ( Fig. 3 ) reveals a Au-Sn bond distance that accounts for 2.65 (1) Å, relatively elongated compared to previous linear gold-tin complexes (ca. 2.57 Å).
18
In addition, we could isolate the main side product resulting from the reactions represented in Scheme 2 (<5% by 31 We ascribe the lack of reactivity of 2 to the high steric shielding provided by the tert-butyl phosphines. Although the Pt (0) Fig. 4 can be described as a distorted trigonal bipyramid with a missing Pt-Sn edge and characterized by a Pt-Pt distance of 2.706(1) Å. The average Pt-Sn bond distances accounts for 2.58 Å, except for the SnCl 3 − termini, for which one of the two Pt-Sn contacts is
Scheme 3 Reactivity of Pt(0) compound 2 with 2 equivalents of :SnCl 2 . Fig. 4 ORTEP diagram of compound 10; for the sake of clarity most hydrogens have been omitted and tert-butyl substituents have been represented in wireframe format. Thermal ellipsoids are set at 50% probability.
elongated to 2.998(2) Å. The P-Pt-Pt-P escapes from linearity due to the presence of the stannyl-bridged group, which distorts the ideal symmetry. Thus, one of the phosphine ligands tilts to accommodate the SnCl 3 − group resulting in a Pt-Pt-P bond angle of 171.2 Å. A somehow related structure has been previously described in which the bridging divalent tin nuclei are stabilized by acetylacetonate ligands. 23 As in prior cases, the highly reduced character of the heteropolymetallic cluster is likely responsible for its high instability. 24 We found of interest to interrogate the bonding scheme in diplatinum 10 by computational methods. Optimization of its molecular geometry at the ωB97XD/6-31G(d,p) level of theory was in agreement with the solid state structure, with Pt-Pt and Pt-Sn bond distances of 2.77 and 2.63-2.69 Å, respectively, except for the SnCl 3 − group, for which one of the two Pt-Sn contacts is elongated to 3.21 Å. Analysis of the computed electron density (QTAIM) performed at the same level of theory disclosed bond critical points (BCPs) and the corresponding bond paths (BPs) connecting each SnCl 2 fragment to both Pt atoms, while the SnCl 3 − group binds to a single Pt centre (Pt(2)) (Fig. 5) . Additionally, one BCP was located at the path between the Pt atoms, supporting the bonding interaction suggested by the short solid state Pt-Pt distance. The analysis of the electron density was complemented with an analysis of localized molecular orbitals to rationalize the interactions between the [Pt(P t Bu 3 )], SnCl 2 and SnCl 3 − fragments, following the Pipek-Mezey 25 and NBO criteria. Both localization schemes provide similar information revealing that the three SnCl n fragments donate electron density to one of the platinum atoms, Pt(2), whereas Pt(1) acts as a donor by delocalizing d-electron density onto empty p orbitals of the two SnCl 2 fragments (Fig. 6a) . Besides, Pt(1) also behaves as an acceptor, since the Pt-Pt interaction arises from electron delocalization from one d orbital on Pt(2) onto Pt(1) as seen in Fig. 6b . Overall, the bonding in compound 10 could be rationalize by the schematic representation depicted in Fig. 6a , where each metal atom (except for SnCl 3 − ) exhibits ambiphilic donor-acceptor character. 
Reactivity of GeCl 2 and SnCl 2 towards a Au/Pt frustrated Lewis pair
After examining the reactivity of tetrylene dihalides with compounds 1 and 2 we moved to investigate their chemistry with the two metallic fragments in cooperation. Before describing the details of these experiments it must be noted that the reaction outcomes were independent of the order in which the three components were mixed together. In other words, the reaction of platinum compound 2 with pre-formed germyl or stannyl derivatives 3 and 4, respectively, led to identical product distributions than those detected after the addition of gold compound 1 to dichloromethane solutions of 2 and the corresponding tetrylene. We previously showed that TMOFLP 1/2 exists in solution as an equilibrium between the independent metallic fragments and a metal-only Lewis pair (MOLP) 26 in which the electron-rich platinum forms a dative bond with the electrophilic gold nucleus. Although we could not detect the metallic Pt→Au adduct by spectroscopic methods, NMR line-broadening upon mixing 1 and 2 supported this assumption, with the prevalence of the individual components relative to the metallic adduct being ascribed to steric frustration. To our surprise, treatment of dichloromethane solutions of the 1/2 pair with one equivalent of :GeCl 2 ·dioxane cleanly generated the metallic adduct whose existence we had previously proposed 9 (compound 13 in Scheme 4). The tetrylene seems to be key in withdrawing the triflimide anion from gold, likely by formation of NTf 2 →GeCl 2 . The formulation of the unsupported heterobimetallic compound 13 was ascertained by NMR spectroscopy and validated by microanalysis. In the 31 P { 1 H} NMR spectrum a doublet at 94.5 ppm ( 1 J PPt = 3159 Hz) with a small 3 J PP coupling constant of 2 Hz was accompanied by a triplet at −34.2 ppm, highly shifted to lower frequencies with respect to gold compound 1 (δ = −11.5 ppm) and also exhibiting an identical coupling constant of 2 Hz. Besides, the latter signal arises from the phosphine directly bound to the gold centre but features a relatively strong coupling to platinum ( 2 J PPt = 1984 Hz). This 31 P{ 1 H} NMR pattern supports the fact that a new Pt→Au dative bond is present in compound 13. The proposed molecular structure was also authenticated by single-crystal X-ray diffraction studies. another half a molecule of triflimide as counteranion. This is not surprising since cationic diphosphine gold species have been described as recurrent side-products in gold chemistry, 27 although its presence in solution was minimal (ca. 5%) as monitored by NMR spectroscopic techniques. The molecular structure of compound 13 is represented in Fig. 7 . The platinum centre exhibits a slightly distorted T-shaped coordination environment, with a relatively reduced P-Pt-P bond of 167.59 (5) Pt-bound tri-tert-butylphosphine.
Scheme 4 Combined reactivity of compounds 1 and 2 towards germanium and tin dihalides. for clarity and thermal ellipsoids are set at 50% probability. tert-Butyl and iso-propyl substituents have been drawn in wireframe format.
Tin-promoted phosphine exchange reactions
The ability of :SnCl 2 to mediate the transfer of a phosphine ligand from Pt(0) to Au(I) prompted us to investigate the possibility of accessing heteroleptic diphosphine Pt (0) and several N-heterocyclic carbenes (NHCs) provide access to heteroleptic NHC-Pt-PCy 3 derivatives, 31 but the analogous substitution reaction to incorporate bulky phosphines into P-Pt(0)-P′ structures remains unknown. To carry out these studies we chose three bulky phosphines, more precisely PCy 3 , whose stannylene-platinum chemistry has already been outlined, 31 as well as PMeXyl 2 (Xyl = 2,6-Me 2 C 6 H 3 ) and PMe 2 Ar Dtbp2 (Ar Dtbp2 = C 6 H 3 -2,6-(C 6 H 3 -3,5-(CMe 3 ) 2 )), whose coordination chemistry and reactivity has been reported by our group. 32 The progress of the exchange reactions can be easily monitored by 31 P{ 1 H} NMR spectroscopy. Heating equimolar solutions of Pt(0) compound 2 and each of the three aforementioned phosphine ligands at 80°C for several days did not result in any apparent transformation in view of the resulting NMR spectra, except for PCy 3 , where minor amounts of unknown species were detected. Likewise, the inertness of 2 towards ligand substitution stands unaltered under excess of the free phosphine (up to 10 equivalents). In stark contrast, the addition of one equivalent of :SnCl 2 to the previous solutions led to rapid phosphine-exchange reactions that had in common the appearance of free P t Bu 3 as the main side-product. Best yields were obtained by the use of 1.5 equivalents of :SnCl 2 . In the case of PCy 3 , instead of the aimed heteroleptic Pt (0) 
Experimental section

General considerations
All preparations and manipulations were carried out using standard Schlenk and glove-box techniques, under an atmosphere of argon and of high purity nitrogen, respectively. All solvents were dried, stored over 4 Å molecular sieves, and degassed prior to use. Toluene (C 7 H 8 ), n-pentane (C 5 H 12 ) and n-hexane (C 6 H 14 ) were distilled under nitrogen over sodium. 
Compound 4
In an NMR tube, a solution of 1 (30 mg, 0.03 mmol) in CD 2 Cl 2 (0.5 mL) was treated with tin(II) chloride (6.0 mg, 0.03 mmol). The tube was shaken resulting in the immediate formation of compound 3, (17 mg, 48% 
Compound 8
In an NMR tube, a solution of 5 (30 mg, 0.04 mmol) in C 6 D 6 (0.5 mL) was treated with tin(II) bis(trimethylsilyl)amide (19 mg, 0.04 mmol). The tube was shaken resulting in the formation of compound 8 after 5 minutes. The compound could be isolated as a white powder after removing the solvent under reduced pressure (22 mg, 48% 
Conclusion
In summary, we have analyzed the reactivity of tin and germanium dihalides with a transition metal-only frustrated Lewis pair based on Pt(0) and Au(I) fragments. Our results reveal a dissimilar reactivity of the tetrylenes in the presence of the two metals compared to the reactions displayed with the individual Au(I) and Pt(0) monometallic species. While the insertion chemistry of :GeCl 2 and :SnCl 2 into Au-X bonds is analogous to prior studies, their reactivity with [Pt(P t Bu 3 ) 2 ] (2) contrasts with previous work based on less hindered phosphines. As such, we have demonstrated that :SnCl 2 promotes phosphine exchange reactions at Pt(0) centres to access uncommon heteroleptic diphosphine platinum(0) compounds. In addition, an unusual highly-reduced heteropolymetallic aggregate containing a Pt 2 Sn 3 core has been isolated and characterized by X-ray diffraction techniques, while its bonding scheme has been analyzed by computational methods. The different reactivity exhibited by :GeCl 2 compared to :SnCl 2 is also apparent by their addition to the Au(I)/Pt(0) pair. In the former case a metal-only Pt → Au Lewis adduct is readily produced, while in the latter experiment a cationic heteroleptic diphosphine gold compound is the major species.
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